A series of experiments was performed on young monkeys, rabbits, and turtles to study gross sutural growth of bones. Radiopaque implants in conjunction with serial, direct gross, and indirect radiographic measurements were employed. Differences in growth were observed in the monkey among five facial sutures and also the same suture at different times. Growth was greatest at the zygomaticotemporal suture and least at the premaxillomaxillary suture. In the rabbit, the nasal bone side of the frontonasal suture grew about twice as fast as the frontal bone side. In the turtle shell, the midsagittal suture grew faster than the transverse suture. In all of the animals, the rate of sutural growth decreased with an increase in age. No gross regional growth disturbance was noted after resection of the frontonasal, midpalatine, or transpalatine sutures. The frontonasal suture reformed presumably because of the underlying nasomucoperiosteum, as in a cranial suture, presumably because of the underlying dura. After extirpation of the midpalatine suture with the formation of a complete cleft and despite no underlying membrane, a new suture reformed in an eccentric position in a number of instances. Bone growth at sutures is secondary or compensatory to some other factors.
L
ocal resection of a suture in a child with craniosynostosis inevitably results in its reformation presumably because of the presence of the underlying dura mater. Similarly, local resection of the frontonasal suture in young rabbits results in reformation presumably because of the presence of the underlying nasal mucoperiosteum. The challenge was to find a free bounding suture with no underlying membrane. 1 In selecting the midpalatine suture, the following questions were raised. After total resection of the midpalatine suture and its related soft tissues, creating a surgical cleft of the palate with complete communication between the oral and nasal cavities, what would be the status of the 1) resected suture region; 2) related soft tissue; 3) growth of the bony palate, midface, and face; and 4) suture as either a primary or secondary site of growth. This seemed to be the ideal model to test the issue of sutural regrowth.
Bone Growth
For the purposes of this selective report, a brief review of some essentials of growth of bone is in order. Growth and development of the skeletal system have an important role in determining body form. The dynamics of growth of bone(s) is a complex process. The basic blueprint of a bone is inherent. Postnatal bone growth is but a continuation of prenatal bone growth interrupted by the event of birth. In utero, the fetus with its genetic beginning is subjected to the vicissitudes of the maternal environment. After birth, the individual is subjected to the effects of the general environment. Various factors may affect skeletal growth sites or centers, thereby causing faulty growth of bone(s). Development of body form is related to the synchronous coordination of threedimensional, multiple, differential skeletal growth sites and centers and associated structure activities. The physiological stability of the bony components is the result of many interrelated factors.
A definition of growth is change over time. A basic physiological concept is that throughout life, bone, the tissue, is in a continuous state of apposition and resorption (Table 1) . Consequently, skeletal size and shape are always subject to change. The following generalizations can be made. When skeletal mass increases, as in children, apposition is more active than resorption. Cartilaginous and sutural growth are both active (i.e., positive growth). When skeletal mass is constant, as in the adult, apposition and re-sorption, although active, are in equilibrium (i.e., neutral growth). Cartilaginous and sutural growth have ceased. When the skeletal mass decreases, as in old age, resorption is more active than apposition (i.e., negative growth). A growth deformity of bone may be produced readily by interfering with a cartilaginous but not a sutural growth site.
Craniofacial Bone Growth
Craniofacial bones grow in three principal ways. One is cartilaginous growth at the nasal septum and as endochondral growth (i.e., the replacement of cartilage by bone) at the base of the skull at the sphenooccipital and sphenoethmoidal junctions. These bones are joined by cartilage (synchondroses). In addition, endochondral growth of bones occurs at the septopresphenoid joint and at the mandibular condyle. A second way is by sutural growth, where bones are united by connective tissue (synarthroses). This is found only in the skull in vertebrates and in the turtle shell. Sutures grow differentially by apposition without resorption. The amount of growth may vary on either side of a suture, the rate varies for different sutures at a particular time, and the same suture grows differentially at different times. This is discussed further later. Growth at these sites as well as endochondral growth is limited, and growth usually ceases as an individual reaches adulthood. A third type is appositional and resorptive growth (i.e., bone remodeling), which occurs on the outer surfaces (periosteal) or inner surfaces (endosteal) of bone throughout life. The differential responses and interrelations of these processes are important.
Regrowth of Sutures

Extirpation of the Median and Transverse Palatine Sutures in Young Monkeys 1
Because the growth activity of the face is greatest during early life, the youngest Macaca mulatta monkeys obtainable were used. Their dental age at the beginning of the experiment was estimated to be about 8 months. The mucoperiosteum was first removed from the left half of the hard palate. The exposed left bony palate was then resected, including the median and left transverse palatine sutures, the descending palatine artery, the major palatine foramen, and the nasal and oral mucoperiosteum. Care was taken not to disturb either the alveolar process or the teeth. The postoperative survival period ranged from 1 to 34 months.
Gross Findings
The surgically produced clefts of the palates with complete communication between the oral and nasal cavities persisted in varying degrees. Postmortem examination of the soft tissue revealed the absence of rugae on the side operated on in contrast to the regular and bilaterally symmetrical rugal pattern in the animals not operated on. The size of the clefts ranged from a narrow slit with overlapping of epitheliumcovered tissue to an extensive cleft, including the boundaries of the surgical procedure (Fig 1) . In every animal, the extensiveness of the bony palatal defect was masked by the overlying soft tissues. Where the palatal defect had been bridged by bone, an eccentrically placed suture was found not in the midline but on the side operated on. No definite correlation could be made between the length of postoperative survival and the size of either the soft tissue or the bony cleft postmortem. The side of the skulls operated on and the side not operated on were compared with each other. In addition, skulls of monkeys that were operated on were compared with skulls of controls not operated on. No significant gross difference was noted in the growth and development of the hard palate, maxillary arch, mandibular arch, maxillomandibular relation (arch form, occlusion, and tooth relationships), or total face. Within the limits of this experiment, it was concluded that extirpation of the median and transverse palatine sutures did not produce a grossly apparent growth arrest in either the palate or the face. Thus, it might be assumed either that these sutures do not make an important primary contribution to maxillary growth or that other growth sites adjusted to the altered conditions. Because the jaws were in occlusion at the beginning of the experiment, the mandible may have guided maxillary growth.
Fig 1
Postmortem photographs of oral palatal regions of monkeys arranged in approximate order of increasing unilateral defect in the palate. The animals had both transpalatine and midpalatine sutures and both the oral and nasal palatal mucoperiosteum resected unilaterally, producing a complete cleft. Postoperative survival ranged from 1 to 34 months. There was no correlation between postoperative survival and the palatal defect. The upper row of photographs was taken before the removal of the soft tissues. The lower row of photographs is of the corresponding animals after removal of the soft tissues. Note how the soft tissues mask the underlying bony defect. The rugal pattern is absent in the epithelial scarred surface of the healed operated on side. In the lower row in the animals numbered 12, 11, and 9, there is partial bony healing of the palatal defect and the reformed suture line is eccentric toward the side operated on. 
Histological Findings 2
Examination of the tissue revealed that on the side not operated on, the mucous membrane and the submucosa were normal in a wide lateral area. 2 The edge of the cleft, however, was formed by dense connective tissue that showed some subepithelial lymphocytic infiltration. The lamina propria of the mucosa and the submucosa was replaced by dense collagenous scar tissue. The regenerated tissue shelf consisted of a core of dense collagenous scar tissue covered on the oral surface by stratified squamous epithelium and on the nasal surface by pseudostratified columnar epithelium. This finding duplicates the relations in a case of congenital cleft palate.
The total surgical cleft showed an extreme tendency for healing by proliferation of the tissues at the edges of the cleft. This proliferation of tissues may lead to almost functional closure between the oral and nasal cavities by an overlapping of the two shelves that grow from the sites of resection. In areas where the two soft tissue shelves touched, no fusion (i.e., no anatomical closure of the defect) occurred in these animals. There were signs of the formation of new bone and progressive growth of the newly formed trabeculae. This formation of bone, however, should not be classified as growth of the maxilla or the palatine bone but rather as growth of bone tissue within young proliferating connective tissue.
The difference, biologically speaking, between a congenital and a surgical cleft is the static behavior of the former, whereas the unprotected edges of the wound in the latter cause a proliferative reaction of the injured tissues. It may be permissible to consider that even in the congenital cleft, the static relations could be changed to dynamic tissue behavior by surgical interference at the edges of the cleft. An interesting observation was made by Adams 3 when he found bony union of the hard palate of the repaired soft tissue cleft. Adams 3 stated, "…this was an unexpected finding, since all previous teachings and beliefs were that following repair of complete cleft palate by the use of mucoperiosteal flaps one could expect only a soft tissue repair of the defect."
The Snout After Extirpation of the Frontonasal Suture Region in Young Rabbits 4 The purpose of this experiment was to study the effects of trauma on the frontonasal suture. Extirpation of the suture was imposed on young, female, New Zealand albino rabbits at 42 to 48 days of age. A dental bur mounted in a handpiece was used to extirpate the frontonasal suture region but not the nasal mucoperiosteum either unilaterally or bilaterally.
About a 1.0-cm channel was cut equally from both the frontal and nasal bones.
Dental amalgam was packed into prepared 1-mm cavities 0.5 to 1.0 cm from the channel edge. The distance between each pair of implants was recorded. The distance between each implant and its adjacent channel border and the width of the extirpated area were measured on a line between the corresponding frontal and nasal bone implants. Immediately on completion of the surgical procedure, a cephalometric radiograph was taken. This was repeated at 14-day intervals. The 14-day increments and total amount of increased separation between implants in the frontal and nasal bones after bilateral or unilateral extirpation of the frontonasal suture were studied. Postoperative survival ranged from 14 to 84 days. The distances between the implants and extirpation borders were determined directly at the beginning of the experiment as well as at death.
The gross size and shape of the snout in the rabbits in which the frontonasal suture had been either bilaterally or unilaterally extirpated were similar to those of the control rabbits. No lateral deviation of the snout was observed in the rabbits with a unilateral extirpation. A shorter snout was not seen in the rabbits after bilateral extirpation of the frontonasal suture. Rather, it was found that total longitudinal growth was essentially the same in both the control animals and those animals in which the suture was either bilaterally or unilaterally extirpated. With respect to the increased separation of the implants, the nasal part of the frontonasal suture contributed about half, the extirpation site a fourth, and the frontal part a fourth. The channel width increased as longitudinal growth proceeded. Thus, a wedging or expansive force between the frontal and nasal bones by the frontonasal suture apparently was not necessary for growth in that region. Separation of the nasal and frontal bones in the absence of the normal suture continued at all times in an amount not significantly different from that of the control.
One concept of sutural bone growth (primary) describes it as an expansion initiated by a proliferation of the sutural connective tissue. The separation of the contiguous bones is said to be followed immediately by apposition of immature bone along the contiguous borders. These studies indicate that extirpation of a facial suture failed to produce growth arrest. Thus, although a suture is a site of active growth, it is secondary to some other factor, possibly the nasal septum in relation to the frontonasal suture. After extirpation of the frontonasal sutures with the mucoperiosteum intact, bone islands were found, with the larger ones in animals with a longer post-operative survival. A new minor suture was sometimes formed by a bone island at the zone of contact with the border of either the frontal or nasal bone. In this same report in 1957, 5 it was first suggested that sutural growth might be restrained by insertion of a metal splint.
Sutural Growth
Growth at Several Facial Sutures in Young Monkeys 5
The contribution to the growth of the face of the frontomaxillary, frontozygomatic zygomaticomaxillary, zygomaticotemporal, and premaxillomaxillary sutures was studied in eight young Macaca rhesus monkeys. The method used was that of surgically exposing the suture, drilling a cavity, and inserting dental amalgam in each of the adjacent bones. The distance between such paired implants was measured. At the end of the experimental period (7-10 months), the animals were euthanized and the skulls were dissected. Direct measurements were again made of the distance between the implants on each side of the suture. The amount of increase of separation of the paired implants for a given period was thus determined In addition, lateral serial cephalometric radiographs were taken at monthly intervals on a special cephalometer. Tracings of the radiographs were superposed on the outline of sella turcica and the superior outline of the roof of the orbit to study the change in position of the radiopaque amalgam implants with growth.
In the direct study, the total amount of growth in the regions of the frontomaxillary, frontozygomatic, and premaxillomaxillary sutures was significantly lower than the total amount of growth in the zygomaticotemporal and zygomaticomaxillary sutures. The greatest difference was found at the zygomaticotemporal suture. Measurements taken on the radiographs followed closely those taken on the gross specimens.
In all three age groups studied, the rate of separation of implants in the zygomaticotemporal suture exceeded that of all other regions. In the youngest group of animals, the rate of separation of implants in the zygomaticotemporal and zygomaticomaxillary sutures exceeded that of the other two groups. In the middle group, the rate of separation at the frontomaxillary and frontozygomatic sutures exceeded that of the other two groups, whereas in the oldest group, the rate of separation of the implants in the premaxillomaxillary sutures exceeded that of the other two groups. 6 The contribution to the growth of the face and snout of the frontonasal suture was studied in 25 young, female, New Zealand albino rabbits. The method used was that of surgically exposing the suture and inserting dental amalgam into prepared cavities in both the frontal and nasal bones. The distances between the paired implants and each implant to the suture were measured. At the end of the experimental period (5 days to 12 weeks), the animals were euthanized, the skulls were dissected, and the same measurements were repeated. In addition, serial cephalometric radiographs were taken immediately on completion of the surgical procedure and at 14-day intervals. From these radiographs, the increased separation of the radiopaque amalgam implants was determined for specific periods.
Growth at the Frontonasal Suture in Young Rabbits
The increased distance between paired implants on either side of the frontonasal suture varied with the age of the animal at the time of implantation, the duration of the experiment, and the individual characteristics of the animal. Thus, in 42-day-old rabbits, the increased amount of separation of the implants after 7 days ranged from 0.3 to 1.3 mm. In another group of rabbits, the increased separation of the implants during an 84-day period (42-126 days of age) ranged from 10.6 to 11.9 mm. Examination of the serial cephalometric radiographs showed that there was an increase in separation of the implants on either side of the frontonasal suture for each 14-day period from 42 to 154 days of age. The mean increment of growth from 42 to 56 days of age was about 3.0 mm, and from 140 to 154 days, it was only 0.3 mm. This indicated that the rabbits were in a phase of declining bone growth. Thus, the findings revealed that 1) there was increased separation of the implants at the frontonasal suture, 2) the rate was inverse to the increase in age, and 3) the nasal bone side contributed about 65% and the frontal bone side contributed about 35% at the frontonasal suture to the separation of the implants.
Growth at Several Sutures in Young Turtle Shells 7
Total amount and periodic increments of bone growth of the hyohypoplastron (length) and interhyoplastron (width) sutures were investigated in 28 turtles from 233 to 1,154 days of age by means of serial radiographic studies of the increase in separation of radiopaque implants on either side of the selected sutures. The turtles were maintained in aquaria under constant laboratory conditions (16 hours of artificial light and 8 hours of darkness, tem-THE JOURNAL OF CRANIOFACIAL SURGERY / VOLUME 14, NUMBER 4 July 2003 perature of 27°C, humidity factor of 30%, and fed twice a week). Mean sutural bone growth was greatest in the 233-to 317-day age period and thereafter decelerated in each successive period. In the 606-to 786-day age period, the mean growth at the hyohypoplastron suture was about one fourth to one third that of the earliest period. At the interhyoplastron suture, the mean bone growth was about 40% that of the earliest period. Comparison of width (midsagittal) versus length (hyohypoplastron) sutures showed significantly greater growth of the turtle shell in length than in width. More sutures, however, contributed to greater growth of the turtle shell in length than in width.
Pattern of Sutural Growth of Bones 6
As has been demonstrated, the pattern of sutural bone growth may be quite varied. Several different theoretical possibilities may occur either separately or in combination (Fig 2) . Thus, sutural bone growth can be classified according to whether the total amounts of growth at various sites along a suture are equal or unequal.
If equal, three variations in this group may be considered: 1) the amount of bone growth is equal on either side of the suture and along each border (see Fig 2A) , 2) the amount of bone growth is greater on one side of the suture than on the other but equal along a given border at several points (see Fig 2B) , or 3) the amount of bone growth is unequal not only on each side of the suture at any point but also along a given border at several points (see Fig 2C) .
In contrast, in a second group, the total amounts of bone growth are unequal at various sites along a suture. Three possibilities may be considered: 1) at any one site on the suture, the amount of bone growth is equal on each side but varies at different sites (see Fig 2D) ; 2) the amount of bone growth is unequal on each side of the suture at any one point but equal along one of the borders at several points (see Fig 2E) ; or 3) the amount at any one site on the suture is unequal on each side as well as at different sites along the borders (see Fig 2F) .
If a skull bone grows at its sutures, the form of the bone is influenced by and represents in part the past pattern of activity of its sutures. One might thus expect that the pattern of activity would be the same on each side of a suture bordering bones similar in form and different on each side of a suture bordering bones differing in form. Identical bones in the skull would then be bordered by identical suture complexes, and dissimilar ones would be bordered by dissimilar suture complexes.
Contiguous bones that are identical or mirror images must be joined by a suture with identical bone growth activity on both sides such as, for example, the sagittal or internasal sutures (Fig 2A and  D) . The essentially straight interfrontal suture of the growing rabbit, for example, joins symmetrical frontal bones, which taper in the region of the nasal process (see Fig 2A) . A progressive decrease anteriorly in the rate of sutural bone growth accentuates this tapering (see Fig 2D) . Constancy of an equal amount of bone growth on either side of the suture maintains the symmetrical bone and straight suture form. The particular anteroposterior shape of the snout (e.g., narrower anteriorly and wider posteriorly) raises a question as to the growth gradient all along the internasal and interfrontal sutures.
Conversely, inequality of activity on either side of the suture may be expected between dissimilar bones that are contiguous, as are the frontals and nasals (see Fig 2B and C) . The bow-shaped frontonasal suture is characterized not only by an unequal amount of bone growth on each side of the suture at any site but by variation along a border. The total amounts of bone growth, however, at various sites along the suture are equal. To be unidirectional, growth must be equal in all planes along a suture (see Fig 2C) .
Comment
Because of the number of varied sutures and other structures, the face has proved to be a rich source of study. By the use of implants on either side of a suture, [4] [5] [6] [7] information was obtained about total amount, rate, and direction of bone growth, highlighting periods of maximum and minimum growth activity at a particular time. Many instances of differential sutural growth were demonstrated. Of particular interest was the finding in the rabbit that the nasal side of the frontonasal suture contributed about twice as much as the frontal side to growth of that suture. That different sutures at a particular time in the same animal have different rates of growth was shown in the monkey. Of five facial sutures studied, the zygomaticotemporal suture had the greatest rate of growth and the premaxillomaxillary suture had the smallest rate. This was also found in the turtle shell, where the midsagittal suture made a greater contribution to growth in width than the hyohypoplastron suture did to growth in length. In all the animals (turtle, rabbit, and monkey), the rate of sutural growth decreased with age.
So, what is the nature of gross sutural growth and regrowth?
